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Introduction
Copepods are not only the most abundant metazoans on
earth,1 they also grow very rapidly. For instance, the number of
copepods produced annually in the Baltic Sea has been
estimated at 9 billion in 10 cubic metres.2 Knowledge of their
production is essential to understand nutrient and carbon fluxes
in the marine environment, especially as copepods are the domi-
nant trophic link between primary producers and fish. Copepod
growth rates have been measured extensively in the southern
Benguela system off the west coast of South Africa since 1988.3–7
These growth rates have been used to calculate secondary
production based on estimates of copepod biomass.4,8 There are
no direct estimates from the northern Benguela and Angola
Current systems, however, although Cushing9 derived crude es-
timates of annual mesozooplankton secondary production of
7.11–9.46 × 106 t C yr–1 (Orange River to Walvis Bay) and
10.8–14.4 × 106 t C yr–1 (Baia dos Tigros to Walvis Bay).
Previous work in the southern Benguela system showed that
daily growth rate decreases with body size from ~0.5 d–1 for
small copepods (<1000 µm total length) to ~0.05 d–1 for larger
copepods (>2500 µm total length).6,7 This strong negative rela-
tionship is attributable not only to larger species that generally
grow more slowly than smaller ones, but also to increased food
limitation with size.6,7 This is because it is energetically more
efficient for large copepods to capture large rather than small
phytoplankton cells.10,11 Thus, large copepods grow optimally
only when large cells are present, a condition that is met only
during periodic diatom blooms.12 By contrast, small copepods
always grow at near-optimal rates because they feed on small
cells that are omnipresent and ubiquitous.7,13 It is not known
whether there is a similar relationship between mean growth
rate and body size in the northern Benguela system.
The objectives of this study were threefold: first, to provide
direct estimates of copepod growth rate in the northern
Benguela and Angola-Benguela Front regions; second, to derive
a relationship between growth rate and body size for this
system, and to update the previous relationship between
growth rate and body size for the southern Benguela system;
last, to estimate copepod production (growth rate × biomass) in
both the southern and northern Benguela by calculating growth
rate from body size and using data on size-differentiated
copepod biomass.
Materials and methods
Data on copepod growth rate were obtained in both the
northern Benguela and Angola-Benguela Front regions
between Walvis Bay (Namibia) and Luanda (Angola) during two
research cruises, namely, the first BENEFIT (BENguela Environ-
ment Fisheries Interaction and Training) Research and Training
Cruise aboard the Germany-chartered Russian RV Petr Kottsov in
April/May 1997, and on Leg 2 of Cruise 3 of the BENEFIT Ship-
board Research Training Programme for the SADC (Southern
African Development Community) Region14 aboard the South
African FRS Africana in July/August 1999 (see Fig. 4 in ref. 14). In
the context of this study, we define the northern Benguela
system as including the northern Benguela system proper as
well as the Angola-Benguela Front region. These regions were
not separated because of the paucity of growth rate data that
could be collected. Sea-surface temperatures on the cruises
ranged from 16 to 25°C (1997) and from 13 to 23°C (1999),
and chlorophyll a concentrations varied between 0.25 and
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Copepods form an important link between phytoplankton and fish,
so estimates of their growth rates are essential for understanding
their role in the marine food web. To date, no empirical estimates of
copepod growth rate in the northern Benguela system off Namibia
or the Angola-Benguela Front system off Angola have been
published. To redress this situation, we used bottle incubation
techniques to measure the daily growth rate of 13 copepod species
from this region during two BENEFIT cruises in April/May 1997 and
July/August 1999, in terms of egg production by adult females and
somatic growth of copepodite stages. Mean growth rate was fast
(0.13–0.24 d–1) for small copepods (<1800 µm total length:
Calanoides carinatus stages C3 and C4, and female Centropages
brachiatus) and slow (<0.1 d–1) for larger copepods (females of
Nannocalanus minor, Pleuromamma spp., Scolecithrix spp.,
Metridia lucens, Candacia armata, Euchaeta spp., Undinula
vulgaris, Calanoides carinatus, Eucalanus spp., Rhincalanus
nasutus, Pontellidae spp. and Eucalanus elongatus). A strong
negative relationship between mean growth rate (g) and mean body
mass (BM) was found for the northern Benguela system (g =
0.866 × 10–0.075BM, r2 = 0.81, n = 15). For comparison, an equation
was also derived for the southern Benguela system (g = 0.572 ×
10–0.042BM, r2 = 0.89, n = 21) from previously published and unpub-
lished data. These equations were used to calculate copepod
production (growth rate × biomass). The estimate for the northern
Benguela system of 39 g C m–2 yr–1 is less than previous indirect val-
ues of 52–69 g C m–2 yr–1. The estimate of annual copepod produc-
tion for the southern Benguela system of 99 g C m–2 yr–1 is at the
upper end of previous estimates, which range from 11 to 120 g C m–2
yr–1. The considerably lower production calculated for the northern
Benguela may reflect the inadequate estimates of size-
differentiated biomass available. The application of our growth
rate–body size relationship to biomass estimates is a simple means
of estimating copepod production in the study region.
9.7 mg chl m–3 (1997) and between 1 and 9 mg chl m–3 (1999).
For comparison with growth rates from the northern Benguela
system, published and unpublished estimates from the south-
ern Benguela system were also used. To estimate growth rates in
the southern region, copepods had been collected on monthly
South African SARP (Sardine and Anchovy Recruitment
Programme) cruises between September and March 1993/94 and
1994/95 and on annual Pelagic Spawner Biomass surveys in
November 1988–1992. Surveys were conducted in the southern
part of the southern Benguela, from Cape Agulhas to the
Olifants River. Copepods were collected from cool upwelled
waters inshore to warm oceanic waters offshore, providing data
over a broad range of surface temperatures (9–23°C) and chloro-
phyll a concentrations (0.1–23.0 mg chl m–3).6
For growth rate measurements, copepods were collected using
a 300-µm mesh drift net, fitted with a 2-litre plastic bottle as a
cod-end, and allowed to drift for 10 minutes. Upon retrieval, the
sample was transferred into a bucket containing 20 l of ambient
seawater. Copepods were removed from this bucket using a
sieve and gently washed into a Petri dish. Live copepods were
selected under a dissecting microscope using a wide-mouthed
dropper.
Female growth rates were estimated from daily rates of egg
production that were measured using the bottle incubation tech-
nique.15 This involved placing individual females in sealed 1-litre
bottles containing 63-µm-filtered seawater and incubating them
on-deck in darkened tubs kept at ambient temperature by
pumping seawater from a depth of about 6 m through the con-
tainers.4 After 24 h, the contents of each incubation bottle were
poured through a 20-µm mesh and live females and their eggs
were preserved in 5% buffered formalin. Experiments with dead
or moribund females were discarded. In the laboratory, the
number of eggs per bottle was counted and the daily egg pro-
duction (E, eggs per female per day) was calculated according to
Peterson et al.16 as
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where Ne = number of eggs and T = duration of the incubation
experiment (h).
To compare egg production and juvenile somatic growth, the
former was converted to instantaneous masss-specific female
growth (gf, d
–1) by applying the following equation (modified
from ref. 15):
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where We = average egg mass (µg dry mass) and Wf = average
female body mass (µg dry mass).
Implicit in this equation is that the addition of female body
mass is negligible compared to the mass of eggs produced.
Owing to the large number of females incubated, the combined
average body masses of females and eggs (Table 1) were used to
calculate growth rate.
Growth rates of easily identifiable juvenile stages of the large
copepod Calanoides carinatus were estimated using the ‘artificial
cohort’ incubation technique.15–17 This involved creating cohorts
of at least 15 individuals of a particular stage and incubating
them in 2-litre bottles. After 24 h, the contents of the bottles were
preserved in 5% buffered formalin and the moulting ratio (MRi),
i.e. the ratio of individuals that had moulted to the next stage to
the total number incubated, was calculated.
Exoskeletons were also counted and results of experiments
were excluded from analysis if the difference between the
moulting ratio calculated from the exoskeletons and that from
the animals themselves was greater than 10%. The daily
stage-specific growth rate (gi, d
–1) was calculated from the moult-
ing ratio using masses from Table 1 and applying the following
formula (modified from ref. 16):
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where Wi = average body mass of developmental stage i and
Wi+1 = average body mass of developmental stage i+1.
Mean masses of copepodites were used because growth rates
are more sensitive to changes in moulting ratios than growth
increments.13
Data from the southern Benguela system included published
growth rate measurements of female Centropages brachiatus,
Nannocalanus minor, Calanoides carinatus, Calanus agulhensis,
Neocalanus tonsus and Rhincalanus nasutus, and juvenile Calanus
agulhensis and Calanoides carinatus,6,7 the dominant large
copepods in the region (Table 2). Previously unpublished data
on mean growth rates of Paracalanus parvus, Pleuromamma spp.
and Candacia armata were also included.
As there is little information on egg and body masses of most of
these species, egg mass was estimated from egg diameter, and
body mass was estimated from prosome length, using published
regression relationships (Table 1). Egg and body sizes were
measured separately for the two regions whenever possible, in
case the same species differed between systems.
Relationships between mean growth rate and mean body size
for each of the northern and southern Benguela systems were
derived using regression analysis. Mean growth rates were used
rather than individual measurements in order to give each
species equal weighting, as there was a large discrepancy in the
number of samples of each species. For instance, we recorded
1496 egg production measurements for Calanus agulhensis in the
southern Benguela and fewer than 10 for several other species.
Calculation of copepod production requires data on both the
biomass and the growth rate of copepods. In the southern
Benguela, measurements of copepod biomass in the upper
200 m were obtained from vertical Bongo net (200-µm mesh)
tows during 45 cruises (1988–1997) conducted throughout the
year (n = 2471 samples). Data on species (i.e. size) composition
were available for each cruise. Copepod production was
estimated as the product of biomass for each species/stage of the
calanoid copepods and the corresponding size-based growth
rate, using the growth rate–body size relationship derived for
the southern Benguela system. For non-calanoid copepods, a
published relationship for adult sac-spawners was used to
estimate growth rate,24 assuming a temperature of 20°C.
We could not find a suitable published estimate of size-
differentiated copepod biomass in the upper 200 m for the
northern Benguela system. The only previous size-based esti-
mate was made using a different mesh size (300 µm). Further-
more, mesozooplankton (mainly copepod) biomass was
categorized into only three size classes,25 which was too coarse
for the current analysis. For the purpose of estimating copepod
production, therefore, the size structure of the northern
Benguela copepod community was assumed to be the same as in
the southern Benguela and copepod biomass was taken as the
average of the only published estimate of mesozooplankton
biomass from Namibian waters.26 Growth rate was then esti-
mated from the growth rate–body size relationship for the
northern Benguela system. The equation24 for adult sac-
spawners at 20°C was also used here to estimate growth rates of
non-calanoid copepods. As estimates for both copepod biomass
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and growth in the northern Benguela system are only available
for autumn and winter, our production estimate may be biased.
Since there is perennial upwelling in the northern Benguela sys-
tem,27 however, extrapolation from autumn/winter data alone
may still give a reasonable annual estimate of copepod produc-
tion.
Results and discussion
Estimates of daily egg production and female growth rate of
several dominant copepod species, as well as daily somatic
growth rate of various copepodite stages, in the northern
Benguela system are summarized in Table 2. A total of 348 egg
production and 4 moulting rate experiments was performed.
The minimum daily egg production rate for all species was 0
eggs per female d–1.* Maximum egg production per female
varied considerably among the species examined, from 1.0 to
224.7 eggs d–1, and showed no consistent relationship with body
size. Mean daily egg production rates of most species
(Nannocalanus minor, Pleuromamma spp., Scolecithrix spp.,
Metridia lucens, Euchaeta spp., Undinula vulgaris, Calanoides
carinatus, Eucalanus spp., Rhincalanus nasutus and Pontellidae
spp.) were low, <12 eggs d–1. However, females of Candacia
armata and Eucalanus elongatus produced on average >20 eggs
d–1, whereas daily egg production of Centropages brachiatus
averaged 62 eggs d–1.
These are the first direct measurements of egg production and
juvenile somatic growth of copepods in the northern Benguela
system. Moreover, to our knowledge, female egg production
and growth rates for Candacia armata (27.1 eggs d–1, 0.085 d–1),
Eucalanus elongatus (22.4 eggs d–1, 0.008 d–1), Pleuromamma spp.
(2.8 eggs d–1, 0.039 d–1) and Scolecithrix spp. (0.67 eggs d–1, 0.017
d–1) measured in this study are the first direct field estimates for
these copepods.
Growth rates measured for other species in this study are
generally similar to previous field estimates obtained on the
same or related species in different regions. Mean egg produc-
tion per female of Metridia lucens (2.1 eggs d–1) was similar to
estimates for the same species (means ranged from 0.3 to 3.4
eggs d–1) in the North Sea,28 and other Metridia spp. usually lay
1–10 eggs d–1.29 For Euchaeta spp., our estimates of mean egg
production and growth rate (1.28 eggs d–1, 0.038 d–1) are compa-
rable to those found for Euchaeta marina (3.4 eggs d–1, 0.07 d–1) in
warm Jamaican waters.30 For Undinula vulgaris, our estimates of
6.2 eggs d–1 and 0.016 d–1 are similar to those for the same species
off Jamaica (~12.4 eggs d–1, ~0.04–0.08 d–1)30 and Hawaii (6.4 eggs
d–1).31 Our estimates of 10.9 eggs d–1 and 0.049 d–1 for Eucalanus
spp. are similar to those for Eucalanus californicus (25.2 eggs d–1,
~0.045 d–1) in the California Current upwelling region off
Oregon.32 The estimates of mean egg production and growth
rates of Pontellidae spp. (10.05 eggs d–1, 0.005 d–1) are comparable
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Table 1. Parameter values used to calculate growth rate for different copepod species and developmental stages in the southern Benguela (SB) and the northern
Benguela (NB) systems: total length (TL, µm), prosome length (PL, µm), body mass (BM, µg dry mass), egg diameter (ED, µm) and egg mass (EM, µg dry mass).
Species/taxa are in ascending order of body size. Egg diameter excludes the perivitelline space, where present. Values without superscripts were obtained in this study
(the number of samples is shown in brackets).
Species/taxon Stage Region TL PL BM ED EM
Calanus agulhensis N6 SB 585a – 2g – –
Calanoides carinatus N6 SB 585b – 2b – –
Calanus agulhensis C1 SB 780c 650c 4g – –
Calanoides carinatus C1 SB 788d 614e 4g – –
Calanus agulhensis C2 SB 950c 800c 9g – –
Paracalanus parvus Fem SB 1004 (17) 772 (17) 6h 76 (71) 0.101i
Calanoides carinatus C2 SB 1010d 799e 7g – –
Calanoides carinatus C3 SB 1253d 1002e 18g – –
C3 NB 1253d 1002f 18f – –
Calanus agulhensis C3 SB 1350c 1090c 22g – –
Calanoides carinatus C4 SB 1653d 1336e 30g – –
C4 NB 1653d 1336f 30f – –
Calanus agulhensis C4 SB 1700c 1400c 46g – –
Centropages brachiatus Fem SB 1790c 1220c 25g 76 (57) 0.101i
Fem NB 1677 (17) 1211 (22) 21h 76f 0.101i
Nannocalanus minor Fem SB 1903 (23) 1507 (23) 34h 124 (32) 0.200i
Fem NB 2035 (23) 1614 (25) 46h 122 (15) 0.195i
Calanoides carinatus C5 SB 2095d 1705e 60g – –
Pleuromamma spp. Fem SB 2107 (19) 1362 (23) 29h 146 (55) 0.274i
Fem NB 2137 (20) 1462 (22) 35h 188 (1) 0.500i
Scolecithrix spp. Fem NB 2150 (8) 1698 (8) 53h 260 (1) 1.401i
Metridia lucens Fem NB 2294 (18) 1517 (19) 39h 153 (9) 0.303i
Calanus agulhensis C5 SB 2300c 1780c 97g – –
Candacia armata Fem SB 2405 (5) 1831 (13) 66h 160 (23) 0.335i
Fem NB 2283 (5) 1821 (5) 65h 134 (11) 0.231i
Euchaeta spp. Fem NB 2413 (8) 1770 (8) 59h 279 (28) 1.838i
Undinula vulgaris Fem NB 2427 (7) 1867 (8) 69h 120 (10) 0.189i
Calanoides carinatus Fem SB 2498d 2041e 124e 151 (32) 0.295i
Fem NB 2445 (19) 1971 (22) 80h 165 (6) 0.360i
Calanus agulhensis Fem SB 2760c 2130c 202g 166 (62) 0.365i
Eucalanus spp. Fem NB 2903 (24) 2533 (24) 158h 215 (71) 0.736i
Neocalanus tonsus Fem SB 3601 (19) 2774 (19) 203h 138 (62) 0.245i
Rhincalanus nasutus Fem SB 4411 (22) 3815 (22) 486h 212 (58) 0.705i
Fem NB 4319 (7) 3743 (7) 461h 203 (17) 0.620i
Pontellidae spp. Fem NB 4777 (5) 3873 (4) 506h 143 (10) 0.263i
Eucalanus elongatus Fem NB 6541 (18) 5916 (17) 1617h 197 (10) 0.569i
aMean of N4-N6 and C1 masses.19 bAssumed the same as for Calanus agulhensis. cStuart and Huggett.19 dTL = PL × 1.198 + 52.4.20 eVerheye.21 fFrom specimens in the southern Benguela
system. gPeterson et al.22 hUsing the equation ln(dry mass) = 2.74ln(PL) – 16.41.23 iFrom egg diameter (ED): ln(dry mass) = –3.381 + 0.0143 × ED.20
*In this paper, egg production is quoted in eggs per female per day (eggs d–1), and growth
rate in units of d–1.
to those of the Pontellid Epilabidocera longipedata (8.5 eggs d–1,
~0.015 d–1) off Oregon.32 Similar average egg production rates
have also been reported for the Pontellid Labidocera aestiva (10–19
eggs d–1) under varied food and light regimes in the laboratory.33
For a comparison of rates of egg production and female growth
of Centropages brachiatus, Nannocalanus minor, Calanoides carinatus
and Rhincalanus nasutus, and for somatic growth of Calanoides
carinatus between the Benguela and other systems, refer to
Richardson and Verheye.6
Although there was no relationship between the number of
eggs produced per female and female body size, growth rate
decreased with body size. Small copepods (<1800 µm:
C. carinatus C3 and C4, and female C. brachiatus) grew rapidly,
between 0.13 and 0.24 d–1, compared with larger copepods
(females of Nannocalanus minor, Pleuromamma spp., Scolecithrix
spp., Metridia lucens, Candacia armata, Euchaeta spp., Undinula
vulgaris, Calanoides carinatus, Eucalanus spp., Rhincalanus nasutus,
Pontellidae spp. and Eucalanus elongatus), which grew at rates of
<0.1 d–1 (Table 2).
To identify relationships between growth rate (g) and body
mass (BM), log-transformed mean growth rates were plotted
against log-transformed mean body mass (Fig. 1), giving the
following regression equations: log g = –0.384 – 0.711 × log BM
(r2 = 0.59, P < 0.001, n = 15) for the northern Benguela system
and log g = –0.185 – 0.624 × log BM (r2 = 0.79, P < 0.0001, n = 21)
for the southern Benguela. Although the slopes of the two
regression lines were not significantly different (ANCOVA, P
> 0.05), the intercepts were different (P <0.01), so the data were not
combined to give one equation for the Benguela system.
The slope and intercept of the growth rate–body mass relation-
ship in this study were substantially different from the global
equation for growth rate of marine planktonic copepods at
10–25°C described by Hirst and Lampitt (Fig. 1).24 In our study,
the slopes (–0.71 for the northern Benguela system and –0.62 for
the southern) were much steeper than that (–0.49) of the global
equation. This is because of the faster growth rates of smaller
species/younger stages and the slower rates of larger species/
older stages in our study. This difference in rates is probably at-
tributable to differences in food limitation, because small
copepods in the Benguela grow at closer to their maximal rates
and larger copepods are more food limited.7
It must be noted that the log-log model is a transformation of
the original data and is thus only an approximation of the actual
non-linear relationship. Prior to the advent of powerful desktop
computers, it was difficult to use iterative methods to perform
non-linear analyses. Logarithmic transformations were used to
linearize the data so that conventional least-squares regression
techniques could be used. With increased computing power and
easy-to-use non-linear fitting tools, it is now possible to fit
non-linear regressions directly without the need to transform
the data. These methods provide the best approximation to the
non-linear relationship and thus yield superior fits.
We fitted a non-linear model to the growth rate–body mass
data using the quasi-Newton method, to compare with the
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Table 2. Egg production (eggs per female per day, mean ± standard error), growth rate (d 1, mean ± s.e.) and number of samples (n) for all copepod species and develop-
mental stages in this study. Data for species from the northern Benguela (NB) were collected during the 1997 and 1999 BENEFIT cruises. Data for species from the
southern Benguela (SB) were published previously6,7, except for Paracalanus parvus, Pleuromamma spp. and Candacia armata. Species/taxa are in ascending order of
body size.
Egg production Growth rate
Species/taxon Stage Region Mean ± s.e. Maximum (mean ± s.e.) n
Calanus agulhensis N6 SB – – 0.550 ± 0.017 39
Calanoides carinatus N6 SB – – 0.584 1
Calanus agulhensis C1 SB – – 0.517 ± 0.021 96
Calanoides carinatus C1 SB – – 0.464 ± 0.030 4
Calanus agulhensis C2 SB – – 0.422 ± 0.018 117
Paracalanus parvus Fem SB 34.0 ± 10.8 140.3 0.382 ± 0.099 14
Calanoides carinatus C2 SB – – 0.443 ± 0.080 11
Calanoides carinatus C3 SB – – 0.180 ± 0.028 8
Calanoides carinatus C3 NB – – 0.235 1
Calanus agulhensis C3 SB – – 0.278 ± 0.014 131
Calanoides carinatus C4 SB – – 0.189 ± 0.023 8
Calanoides carinatus C4 NB – – 0.131 ± 0.043 3
Calanus agulhensis C4 SB – – 0.240 ± 0.013 157
Centropages brachiatus Fem SB 83.6 ± 4.7 278.7 0.276 ± 0.014 158
Fem NB 62.0 ± 2.0 224.7 0.232 ± 0.041 33
Nannocalanus minor Fem SB 26.1 ± 2.9 96.2 0.134 ± 0.014 82
Fem NB 9.4 ± 2.4 50.5 0.037 ± 0.009 36
Calanoides carinatus C5 SB – – 0.052 ± 0.013 17
Pleuromamma spp. Fem SB 3.6 ± 1.6 14.0 0.032 ± 0.014 11
Fem NB 2.8 ± 1.0 10.3 0.039 ± 0.014 11
Scolecithrix spp. Fem NB 0.7 ± 0.3 1.0 0.017 ± 0.009 3
Metridia lucens Fem NB 2.1 ± 0.9 28.0 0.016 ± 0.006 33
Calanus agulhensis C5 SB – – 0.092 ± 0.007 151
Candacia armata Fem SB 19.6 ± 4.8 66.2 0.092 ± 0.022 14
Fem NB 27.1 ± 26.8 80.7 0.085 ± 0.084 3
Euchaeta spp. Fem NB 1.3 ± 0.4 5.2 0.038 ± 0.013 12
Undinula vulgaris Fem NB 6.2 ± 2.1 48.8 0.016 ± 0.005 43
Calanoides carinatus Fem SB 24.0 ± 1.6 143.5 0.053 ± 0.003 352
Fem NB 11.1 ± 1.3 68.0 0.047 ± 0.005 112
Calanus agulhensis Fem SB 19.2 ± 0.6 130.8 0.033 ± 0.001 1496
Eucalanus spp. Fem NB 10.9 ± 1.9 31.3 0.049 ± 0.008 26
Neocalanus tonsus Fem SB 16.1 ± 4.3 98.2 0.019 ± 0.005 33
Rhincalanus nasutus Fem SB 26.1 ± 4.2 61.2 0.037 ± 0.006 19
Fem NB 6.3 ± 2.7 18.4 0.009 ± 0.004 9
Pontellidae spp. Fem NB 10.1 ± 2.1 23.7 0.005 ± 0.001 14
Eucalanus elongatus Fem NB 22.4 ± 5.0 63.5 0.008 ± 0.002 18
log-log model. This yielded the following relationships (Fig. 2a):
g = 0.866 × 10–0.075BM (r2 = 0.81, n = 15) for the northern Benguela,
and g = 0.572 × 10–0.042BM (r2 = 0.89, n = 21) for the southern
Benguela system. The proportion of variance explained by each
of these relationships is substantially larger (81% and 89%) than
that for the log-log model (59% and 79%), indicating a better
model fit. As it may be useful to estimate growth rate from size
data collected using the optical plankton counter or from
size-differentiated biomass from net samples, equations relating
growth rate to total copepod length (TL) in the northern
Benguela (g = 1.926 × 10–0.0007TL, r2 = 0.77) and southern Benguela
(g = 1.104 × 10–0.0005TL, r2 = 0.93) systems are also shown (Fig. 2b).
To compare the predictive capability of the non-linear and
log-log models of copepod growth, we plotted the predicted
growth rate from the two models against the observed growth
rate. For the northern Benguela system (Fig. 3a), the log-log
model severely underestimates the growth rate by 46–60% at
fast growth rates (~0.24 d–1). Moreover, there is a strong bias in
predicted growth rates for observed growth rates above 0.04 d–1;
predicted values are all below the 1:1 line. Predictions from the
non-linear model are relatively unbiased, occurring on both
sides of, and close to, the 1:1 line.
For the southern Benguela system, the log-log model has a
very poor fit at fast growth rates (Fig. 3b), here overestimating
the growth rate by ~35%. The log-log model, however, probably
does slightly better than the non-linear model at estimating slow
growth rates. The log-log model also generally underestimates
growth rates between 0.1 d–1 and 0.45 d–1. Predictions from the
non-linear model are close to, and are randomly distributed on
both sides of, the 1:1 line.
In summary, the non-linear model is substantially better than
the log-log model at faster growth rates (smaller copepods),
whereas the log-log model is slightly better at predicting slow
growth rates (larger copepods). Advantages of the log-
transformed model include that it is possible to calculate a signif-
icance level, it is possible to test whether two equations have the
same slopes and intercepts, and it is easily compared with previ-
ous studies that have used log-log models. In the current study,
however, it is desirable to have precise estimates of growth of
smaller individuals because they are numerically (and by mass)
more abundant, and they also grow quickly, so that they contrib-
ute more to production. Thus, errors in their estimation have a
large impact on production estimates. Therefore, we suggest
that for the estimation of production over a broad size range of
copepods, a non-linear model gives more precise estimates.
Using the non-linear model, the estimated copepod produc-
tion for the northern Benguela system is 39 g C m–2 yr–1 and for
the southern Benguela system is 99 g C m–2 yr–1. (Note that the
log-log model substantially underestimates production, giving
an annual copepod production of only 18 g C m–2 yr–1 in the
northern Benguela (46% of the estimate from the non-linear
model), and 80 g C m–2 yr–1 (80% of the estimate from the
non-linear model) in the southern Benguela.
Our estimate of copepod production of 39 g C m–2 yr–1 for
the northern Benguela system is below the range of the only
previous (indirect) estimate of 52–69 g C m–2 yr–1 (calculated from
Cushing,9 assuming perennial production; Table 3). The esti-
mate for the northern Benguela system may be underestimated
because information from the warm Angola-Benguela Front
region was combined with data from the northern Benguela
proper, because of the paucity of growth rate data. Moreover,
few data on species/size-differentiated copepod biomass in the
northern Benguela necessitated the assumption that the size
distribution of copepod biomass in this system is similar to that
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Fig. 1. Log-log plot of mean growth rate (d–1) against mean body mass (µg C per
individual). The fitted equation for the northern Benguela system is log g = –0.384 –
0.711 × log BM (r 2 = 0.59, P < 0.001, n = 15) and for the southern Benguela system
is log g = –0.185 – 0.624 × log BM (r 2 = 0.79, P < 0.0001, n = 21). Also shown is a
global equation of copepod growth against body mass at 10°C and 25°C (from ref.
24).
Fig. 2. a, Mean growth rate (g, d–1) against mean body mass (BM, µg C per individ-
ual) for the northern (solid line) and southern Benguela (dotted line) systems. The
fitted equation for the northern Benguela system is g = 0.866 × 10–0.075BM (r 2 = 0.81,
n = 15) and for the southern Benguela system is g = 0.572 × 10–0.042BM (r 2 = 0.89, n =
21). Note the scale break in the x-axis at 250 µg C. For ease of interpretation, stan-
dard errors are not shown; b, mean growth rate (d–1) against mean total length
(TL, µm): the fitted equation for the northern Benguela system is g = 1.9256 ×
10–0.0007TL (r 2 = 0.77) and for the southern Benguela system is g = 1.1035 ×
10–0.0005TL (r 2 = 0.93).
in the southern Benguela. This assumption makes estimates of
copepod production in the northern Benguela system rather
speculative. As biomass is the component of the production
equation that is least predictable, 24,34 more estimates of biomass
in the northern Benguela system are needed. Only with im-
proved biomass estimates can copepod production be more
reliably calculated.
The value of 99 g C m–2 yr–1 for the southern Benguela system is
at the upper limit of previous estimates of copepod production
in the region, ranging from 11 to 120 g C m–2 yr–1 (Table 3),
depending on the method used (see ref. 4). The large amount of
data (~3000 growth rate measurements and ~2500 samples of
species/size-differentiated biomass), together with standard
methods for collection of copepod biomass and measurement of
growth rate, should make the present estimate of copepod
production in this region more accurate than previous ones. The
empirical growth–size relationship reported in this study covers
a broad size range of copepods and is a useful tool for estimating
secondary production in the Benguela system, based on broad-
scale surveys of copepod biomass and detailed analyses of
species and size composition.
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